Abstract: There are many sources to increase value in an integrated mining-metallurgy context. The optimal strategy for concentration of minerals from the ore is one of these sources. The elements of mining-metallurgy operations from resources, infrastructure, mining site, processing, and metallurgy are mutually dependent, and reinforce and interact positively with each other to generate a combined value greater than the sum of their individual contributions. Bioleaching technology is an alternative processing technology for treatment of low-grade sulphide ore, and its application contributes to the achievement of better economic results than the conventional pyrometallurgical technology. This work presents the application of bioleaching technology in laboratory conditions for metal extraction from the polymetallic deposit Tenka in East Serbia, belonging to the company Serbia Zijin Bor Copper Doo (formerly the Mining Smelter Basin Bor Group). Bioleaching of sulphide polymetallic raw material is performed by chemolithoautotrophic microorganisms. Applying the bioleaching technology, the achieved recoveries of metals from the polymetallic ore are as follows: Cu 90%, Au 90%, Ag 80%, Zn 72% and Pb 90%. The calculated values for Net Present Value (NPV) and Internal Rate of Return (IRR) are $ 21.927 million and 12.55%, respectively.
Introduction
Strategic planning for mineral resources acknowledges the importance of the mineral raw materials that contribute to progress and development, ensure a high living standard and create a competitive national and regional economy and new job positions.
In economically developed countries, the law regulates that mining companies must operate in a way that is in the best interest of shareholders. This implies that the management of a company is obliged to design and manage all mining and processing operations in a way as to ensure the maximum profit to the shareholders during the course of these operations, taking into account the time effect of money value. Despite the importance of economic issues the environmental concerns cannot also be neglected. Environmental issues may include land use, management and rehabilitation, solid waste, water use, acid mine drainage, product toxicity, etc.
A integrated mining complex consists of multiple components such as mines, crushers, stockpiles, leach pads, processing mills, waste dumps, metallurgical plants, means of transportation and customers. The components are interlinked to form the mineral value chain. Material extracted from the mines flows through the mineral value chain to finally produce the products which are delivered to customers and/or spot market [1] .
By analyzing the value chain, the mining company may have knowledge of what nature of insights can be gained, which can have a pronounced impact on the firms operating in this industry.
These insights can be used by firms in the industry to shape their strategy in helping to improve its financial performance.
Today, with the application of computer programs based on methods of mathematical programming, it is possible to create better plans. The consequence of this is to achieve significantly better results in the exploitation and treatment a low grade ore in complex operating conditions [2] .
Material flows, which determine the revenues obtained from the final product and the operating costs, depend on several factors, including the nature of deposits, mining technology, processing characteristics (crushing and grinding) and metallurgy technology (bioleaching).
Processing of polymetallic complex low-grade ores has an important role in modern research in terms of the ability to achieve higher recoveries of metal values from such mineral resources [3] [4] [5] .
For material characterization, the raw material which will be treated in this investigation is polymetallic rich ore which contains Cu, Zn, Pb Ag and Au. This ore is known as SEDEX type of ore (Rammelsberg and Meggen in Germany and Red Dog in Alaska, have this type of ore) [6] [7] [8] [9] [10] [11] . The ore is vary compact and minerals are tightly impregnated between them. The main problem of this type of ore is whether it will be opened for flotation. From this reason, we chose SEDEX ore for investigation.
The first step in the aim of future technology investigation is to find ore, take a sample, and prepare the sample (the ore must be crushed and milled to appropriate size composition) for complete mineralogical, physical and chemical characterization and future investigations.
Biomining is a well-established technology for extracting metals from low-grade and polymetallic base metal ores, and refractory gold ores [12] . For the biomining of gold and some other precious metals, micro-organisms are used to remove minerals that occlude target metals which are solubilized in a second process (e.g., by extracting with cyanide or thiosulfate in the case of gold) [13] .
One of the roles of acidophilic chemolithotrophic bacteria is to accelerate the oxidative dissolution of sulfide minerals and extracting metals from sulfidic ores and concentrates.
Bioleaching techniques have to compete with alternative pyrometallurgical and pressure-leaching technologies for extracting metals from ores and concentrates which often represent major investments by mining companies [14] .
Advantages of biomining is that it is an environmentally acceptable technology which involves much lower temperatures (and hence energy costs) and smaller carbon footprints. The micro-organisms involved in mineral oxidation processes are autotrophs and they fix carbon dioxide, in the same way as green plants, what is in the contrasts with smelting operations that emit large amounts of CO 2 . Bioleaching also operates at atmospheric pressure and at relatively low temperatures (20-80 • C). The advantage of this technology is also seen to be suitable for treatment of low-grade and complex polymetallic ore or concentrate which contains significant quantities of arsenic, cadmium and mercury (which is released in gaseous emissions during smelting but retained in liquid and solid phases in biohydrometallurgical processing [15, 16] . Biomining also allows metal by-products (such as silver) to the more readily recovered from processed ores than is the case with waste slags generated by pyrometallurgy.
Usually, an external heat source is not necessary for the oxidation of sulfide minerals, because it is an exothermal process. Excess heat is generated where rates of oxidation are intense (as in stirred tank operations) and systems require to be cooled to maintain suitable temperatures for the mineral-degrading micro-organisms (generally 40-45 • C) in these systems [17] .
Solving the problem of exploitation and processing of polymetallic ores implies consideration of all relevant parameters and factors (ore deposit geology, production process technology, digging and processing capacity, costs, metal prices, use, etc.) in order to achieve the set goal. The increasing focus on bioleaching technology is leading to an increase in the amount of information that may be taken into account to optimise operating strategies. This paper focuses on the application of bioleaching technology for the treatment of polymetallic ores in order to achieve maximum profit in an integrated mining complex such as at the Serbia Zijin Bor Copper Doo company (formerly the Mining Smelter Basin Bor Group).
Materials and Methods

Concept of Research Work
Profitability is ability of a company to use its resources to generate revenues in excess of its expenses. In other words, this is a company's capability of generating profits from its operations. In the case of a metal mining company, achieving this goal requires significant evaluation and planning.
First, it must be determined what portion of the deposit is economical to mine; in other words, the mineable reserve. Then, considerable effort must be made in planning and scheduling the extraction of the mineable reserve. The next stage is the determination of the methods and characteristics of the processing. Finally, it is very important to determine the metallurgical technology. The aim of this attempt is to determine the most profitable plan which maximizes the Net Present Value [18] .
In a complex mining-metallurgy system, like the Serbia Zijin Bor Copper Doo company, its components can be integrated into the Mining Industry Value Chain, with the aim of increasing the economic value of the metal acquisition process in long-term planning [19] [20] [21] [22] . Value chain analysis is a process where a mining company identifies its primary and support activities that add value to its final product and then analyze these activities to reduce costs or maximizing metal recovery from ore mined. A decision made at any stage in the chain potentially influences the optimal solution for all other stages. There is little or nothing that a mining company can do to improve the resource in the ground or the international market for the products, but all the other steps can potentially influence the maximization of NPV.
Mineral Deposit
The basic primary input in the strategic planning process in the mining industry is a geological block of the ore body. In this paper, the laboratory research on application the bioleaching technology has been carried out on the ore samples from the Tenka deposit, which consists of the ore bodies Tenka 1 and Tenka 2. From the results of chemical and mineralogical analysis of the ore, it can be seen that the treated sample is polymetallic Zn, Cu, Pb, Ag, and Au sulphide ore.
The geological structure of the Tenka deposit involves: crystalline shales of amphibolitic facies, rocks of green shale facies, titanium valendine limestones, Upper Cretaceous volcanites, products of the Laramian plutonism, skarns and skarnoids and tectonic breccias.
The polymetallic ore of the ore bodies Tenka 1 and Tenka 2 is characterized by diverse and complex mineral associations. The most common metal minerals are pyrite and sphalerite, followed by galenite, chalcopyrite, pyrrhotite, marcasite, bornite, chalcocite, tetrahedrite, native gold, electrum, covellite, lindstrumite, hessite, petzite, tennantite, braunite, enargite, magnetite, realgar, and polybasite and stephanite.
Based on the results of chemical analyses of individual tests from the exploratory drill holes drilled in the Tenka deposit, the mean content was calculated separately for each ore body, as shown in Table 1 . Ag, Pb and Zn contents were formed. In the process of modeling the ore bodies, the kriging method was used to estimate the metal content representing the geostatistic interpolation method [23, 24] .
Ore Characterization
Mineralogical analysis of the ore and bioleach residue was performed using the X-ray diffraction (XRD) Explorer model analyser (GNR) with Cu Kα (0.154 nm). The operating conditions are 40 kV and 30 mA. The mineralogical XRD pattern is presented in Figure 1 , where it can be seen that the ore mostly consists of sphalerite (ZnS), chalcopyrite (CuFeS 2 ), galena (PbS), and pyrite (FeS 2 ).
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Ore Characterization
Mineralogical analysis of the ore and bioleach residue was performed using the X-ray diffraction (XRD) Explorer model analyser (GNR) with Cu Kα (0.154 nm). The operating conditions are 40 kV and 30 mA. The mineralogical XRD pattern is presented in Figure 1 , where it can be seen that the ore mostly consists of sphalerite (ZnS), chalcopyrite (CuFeS2), galena (PbS), and pyrite (FeS2). 
Microbiological Culture
Mesophilic mixed bacterial culture of At. ferrooxidans, At. thiooxidans, and Leptospirillum ferrooxidans was isolated from underground mine water of the Bor Copper Mine in Serbia. The Bacterial growth was observed on an Carl Zeiss microscope with phase contrast. A sample of mine water was taken from the ore body "Tilva Roš".
Characterization of microbiological species presented in mine waters was conducted using quantitative polymerase chain reaction (Q-PCR) analysis-based molecular equipment, and determination of their number was done applying the Q-PCR and T-RFLP methods. The natural microbial population in Serbia Zijin Bor Copper Doo company mine waters is listed in Table 2 , from which it can be seen that the relative presence of cultures which exist in natural mine habitats is not large. 
Glass Reactors
In bioleaching experiment four independent glass reactors was used in discontinuous work. The total volume of each reactor was 2 L, thereof 1 L was working volume. To verify the results of bioleaching three reactors are operated under the same conditions. One reactor was control that was not inoculated. The temperature in experiment is maintain on 30 • C, stirring speed was 250 r/min. Air and carbon dioxide are introduced with the aim of using oxygen 0.5 NL/min and CO 2 = 20 mL/min, respectively through diffusers.
Cultivation of Micro-Organisms
To enrich micro-organisms from environmental samples, four liquid media were prepared:
1.
Ferrous sulphate medium for enrichment of autotrophic iron oxidizers (1 × basal salts, 25 mM ferrous sulphate) 2.
Ferrous sulphate/yeast extract medium for enrichment of autotrophic iron oxidizers and heterotrophic acidophiles (1 × basal salts, 0.02% yeast extract, 25 mM ferrous sulphate) 3.
Pyrite medium for enrichment of Leptospirillum sp (1 × basal salts, 1 g of pyrite) 4.
Yeast extract medium for enrichment of heterotrophic acidophiles (1 × basal salts, 0.02% yeast extract) Each of four enrichment media were inoculated with 1 mL of acidic water samples (labelled as J and B) and those eight flasks were incubated at constant temperature of 30 • C. After 30 days of incubation a colour change of the liquid media has been apparent in all flasks, indicating bacterial growth. These enriched environmental samples were used further for adaptation experiments.
Micro-organisms were adapted to growth on polymetallic mineral substrate in three subsequent transfers of micro-organisms to fresh nutrient media with increasing concentrations of mineral substrate which acted as source of energy for bacteria.
Analytical Determinations
The concentration of copper and zinc, in solution were measured every three days by absorption spectrometry (Perkin-Elmer 403). Expanded uncertainties of concentrations are ±8.8% and ±7.5% for copper and zinc respectively. The value of oxidation-reduction potential (ORP) was measured by Pt electrode in relation to a Ag/AgCl reference electrode (mV) (vs. Ag/AgCl). The acidity of the solution was measured by combined pH electrode. XRD analysis of the fine-milled samples was conducted before and after the bioleaching process.
Goals and Value Measures
A block model partitions the deposit into discrete areas of valuable ore blocks and unprotable waste blocks, enabling researchers to select suitable mining methods and to perform strategic mine planning, which include open pit optimization and schedule optimization.
Open pit optimization involved identifying combinations of controlled variables which maximize the value of the project in the context of a given set or range of assumptions. In this case, study the open pit optimization was carried out in the Whittle (Dassault Systèmes GEOVIA), a software package that applies pit parameterization technique for generating nested pits [25] [26] [27] [28] [29] [30] . The parameterization approach enables us to present various alternative pit designs to the user so that the best plan, as defined by a specific combination of parameters (metal prices, recoveries, mining and processing costs, etc.) can be selected.
With the goal of maximizing the Net Present Value (NPV), the block sequencing problem endeavors to determine the most efficient extraction sequence of the polymetallic ore [31] . This NPV is the sum of all the extracted blocks' discounted net profits. A block's profit is calculated as the market value of the ore in the block minus the costs of removing and processing the material in the block, and then discounting this number based on the time of extraction and an appropriate discount factor.
As it is known, in the mining industry, any project has to have a long-term feasibility calculation. The proof of feasibility is typically demanded at the least by the potential investors and creditors. The traditional Discounted Cash Flow (DCF)-based methods are still regarded as an industry standard when evaluating the value of the mining operation. Net Present Value is calculated in the software Whittle by discounting the estimated annual cash flows at the present time using the discount rate, which represents the risk of investing:
where CF t is the Cash Flow (revenues less costs) for year t, k is the constant discount rate representing the risk over the operation life and I is the initial capital expenditure. Internal Rate of Return (IRR) is calculated by solving the following equation for k:
Results and Discussion
Bioleaching Experiments
Adaptation I
Four 250 mL flasks were used in the adaptation experiment. Solution for adaptation of bacteria was prepared with 4 × 98 mL H 2 O dist. and 3 × 2 mL of 50× concentrated basal salts solution, and pH value was set up at 2. Three flasks were inoculated with 1 mL samples from four enrichment media, while the fourth flask was a non-inoculated control. The adaptation was done in a Heidolph shaker at temperature of 30 • C and stirring speed of 150 rpm. The solid phase content in the flask was 5% (w/v). Figure 2 shows changes of pH and Eh (mV) in time (days). 
Adaptation II
After the first adaptation experiment, 1 mL of each bacterial culture from flask of the first adaptation round was transferred to flasks with fresh medium and samples of ore. The content of solid in solution was increased to 7% (w/v). Temperature and stirring speed were same as in previous experiment. Figure 3 shows changes of pH and Eh (mV) during the second adaptation experiment. After adding the ore, the pH value in solution increased. In general, the pH value increased in first four days, but it was adjusted using sulphuric acid to the initial value pH = 2.
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Adaptation III
After the second adaptation experiment, 1 mL of bacterial cultures was once again transferred to flasks with fresh medium and ore samples. The content of solid in solution was increased to 10% (w/v). Temperature and stirring speed were constant. Figure 4 shows changes of pH and Eh (mV) during third adaptation experiment. The pH value is also adjusted using sulphuric acid to the initial value pH = 2 in first four days. For the reason increased the pH value, in first four days, it was adjusted using sulphuric acid to the initial value pH = 2.
After the second adaptation experiment, 1 mL of bacterial cultures was once again transferred to flasks with fresh medium and ore samples. The content of solid in solution was increased to 10% (w/v). Temperature and stirring speed were constant. Figure 4 shows changes of pH and Eh (mV) during third adaptation experiment. The pH value is also adjusted using sulphuric acid to the initial value pH = 2 in first four days. 
Laboratory Bioleaching Test
After, the adaptation bioleaching tests were done in triplicate with one control sample. The bacterial inoculums from the third adaptation is used in the volume of 10% (v/v). Nutrient medium was basal salts 9K used for volume of 1 L. Quantities of polymetallic ore of 100 g/L where solids content of the pulp was 10% (w/v). The value of the redox potential ORP dropped to an initial value of 300 mV. The test was continued under the same conditions as during the culture adaptation in a 2 L glass reactor with a work volume of 1 L at 250 r/min and a temperature of 30 • C. Air and carbon dioxide are introduced with the aim of using oxygen 0.5 NL/min and CO 2 = 20 mL/min, respectively through diffusers. At the beginning of the bioleach process, acidity of the solution was corrected to pH 2 by adding 1 mol/L of sulphuric acid. Distilled water was added into the reactor to compensate for the evaporation of the process water.
The redox potential of bioleach solution typically was measured with a platinum electrode versus Ag/AgCl (saturated KCl) reference electrode. The potential was gradually increased from 300 to 550 mV. The change in the ORP value was followed by the increase in the Cu and Zn, concentrations in the solution. After 20 days of mesophilic leaching, the extraction efficiency remained at the same level. By leaching of 100 g/L of ore, the final concentration of the metals of 0.2 g/L Cu and 0.9 g/L Zn were achieved. Recoveries of Cu and Zn are presented in Figure 5 and shows that 90% and 72% can be achieved, respectively. 
Mineralogical Analysis of Solid Residue
Minerallogy and bioleaching tests are done to identify metals associations in sulphide ores. Parameter control can show the sequence of metal release as consequence bioleaching process. This sequence correlates with the rest potential of the sulphides. Sphalerite (ZnS) with its low rest potential typically is one of the earliest sulphides to oxidize. Mineralogy of copper ofen allows its easy dissolution in bioleaching process. When the ore contains chalcopyrite, copper extraction will be incomplete upon bioleaching with mesophilic micro-organisms using very fine grinding. Bioleaching with thermophiles may be required to achieve a high extent copper extraction. The next chemical reactions from (3) to (6) show partial oxidation of the sulphides:
ZnS + 0.5O2 + H2SO4 ↔ ZnSO4 + S 0 + H2O,
CuFeS2 + 4.25O2 + 0.5H2SO4 ↔ CuSO4 + 0.5Fe2(SO4)3 + 0.5H2O, 
Minerallogy and bioleaching tests are done to identify metals associations in sulphide ores. Parameter control can show the sequence of metal release as consequence bioleaching process. This sequence correlates with the rest potential of the sulphides. Sphalerite (ZnS) with its low rest potential typically is one of the earliest sulphides to oxidize. Mineralogy of copper ofen allows its easy dissolution in bioleaching process. When the ore contains chalcopyrite, copper extraction will be incomplete upon bioleaching with mesophilic micro-organisms using very fine grinding. Bioleaching Minerals 2019, 9, 400 9 of 14 with thermophiles may be required to achieve a high extent copper extraction. The next chemical reactions from (3) to (6) show partial oxidation of the sulphides:
With knowledge of the mineralogy of the prospective ore the laboratory may choose to apply mesophilic or thermophilic organisms in the bioleaching test. If metal extraction is much better with thermophilic micro-organisms it would indicate the necessity of an elevated temperature process for bioprocessing the ore.
From XRD analysis of the solid residue, presented in Figure 6 , it can be seen that destruction of the crystal lattice of the starting sample is justified, which justifies the process of bioleaching. 
Lead, Gold and Silver Recovery
It is determined that from bioleach solid residue over 90% of Pb recovery can be achieved using 250 g/L NaCl, time of 20 min, temperature of 80 °C and at phase ratio solid:liquid = 1:20 [34] .
After lead recovery high extents of recovery are achieved by using environmentally and human friendly technologies for the gold and silver recovery where for the during thiosulphate leaching with activator, catalyst and lixiviant addition, Au and Ag recovery reaches the values over 90% and 80%, respectively [35] .
At the end of bioleaching process optical microscopy of bioleach solution was shown 3.8 × 10 9 the number of microbial cell. The presence of large number of microbial cell in solution correlates with good microbial growth in the reactor. The use of phase contrast microscopy facilities microscopic examination as cell are easily visible in a simple wet mount. The cell density were determined microscopically using Neubauer chamber using phase contrast microscopy at magnification (400×).
In the one of the previous experiments without adaptation, bioleaching efficiency of 83% and 89% for Cu and Zn respectively were achieved for the 30 days [36] .
Also it was found that for the 12 days 88% and 70% recoveries for Cu and Zn can be achieved without adaptation [37] .
The adaptation period allowed further improvement of the bioleaching process at a solids concentration of 10%. As a possible reason for this improvement, a gradual adaptation of the microbiological consortium is indicated, whereby this may be an indication that the microbial consortium is adapted by the mutation of the inherent genes or by obtaining new genes from the After the bioleaching process, Cu, Zn and Pb are converted into the sulphates. Copper and zinc are dissolve and transfer into solution which is suitable for the next SX-EW process.
Literature data shows that solvent extraction recoveries for Cu and Zn, can go to the value of 90% and even over [32] .
Today, there are more than 30 copper SX plants in operation recovering over 750,000 tonnes of copper annually from a wide variety of leach solutions. These plants range in size from less than 0.25 m 3 /h aqueous flow up to modules treating about 1440 m 3 /h aqueous flow. The copper SX process has three main objectives: Purification of the copper from unwanted contaminants, concentration of copper values to the point where the final copper recovery process is applicable [33] .
It is determined that from bioleach solid residue over 90% of Pb recovery can be achieved using 250 g/L NaCl, time of 20 min, temperature of 80 • C and at phase ratio solid:liquid = 1:20 [34] .
The adaptation period allowed further improvement of the bioleaching process at a solids concentration of 10%. As a possible reason for this improvement, a gradual adaptation of the microbiological consortium is indicated, whereby this may be an indication that the microbial consortium is adapted by the mutation of the inherent genes or by obtaining new genes from the horizontal gene pool, leading to increased resistance to the increasing concentrations of both base metals Cu and Zn [3] .
Economic Assessment
The conducted research of application the bioleaching technology for extraction from the polymetallic mineral deposit Tenka in the laboratory conditions demonstrated an achievement of significant high efficiency metal recoveries, as follows: Cu 90%, Au 90%, Ag 80%, Zn 72% and Pb 90%.
The conducted economic assessment, based on the laboratory bioleaching test obtained values of summary metal recoveries, calculated operating costs, metal prices and estimated capital costs (Table A1) , was stated through the NPV and IRR, whose values are 21.927 million and 12.55%, respectively.
The following Table 3 and Figure 7 present a numerical and graphical representation of the results of the performed economic analysis. 
Conclusions
The economic potential of the research, which was carried out in this paper, is defined based on the evaluation which was carried out in the software Whittle, which mining companies allow to evaluate the financial viability and the optimal mine strategy for a deposit.
In the example of the deposit Tenka, which consists of the polymetallic ore bodies Tenka 1 and Tenka 2, it has been shown that the significant high metal recoveries were achieved by the use of bioleaching technology in the process of ore processing.
In the conditions of modern business, characterized by the exploitation and processing of low-grade ore, this is one of the basic requirements that the mining company must fulfill in order to achieve the basic goal: maximizing the value that is realized in the integrated process of miningmetallurgy.
In the laboratory bioleaching test is shown that recoveries for Zn and Cu can be higher using previous adaptation stages.
In working conditions where the concentration of the solid in the batch was 10% and the residence time of 20 days using the modified microbial culture, the extraction achieved was 90 and 
In the conditions of modern business, characterized by the exploitation and processing of low-grade ore, this is one of the basic requirements that the mining company must fulfill in order to achieve the basic goal: maximizing the value that is realized in the integrated process of mining -metallurgy.
In working conditions where the concentration of the solid in the batch was 10% and the residence time of 20 days using the modified microbial culture, the extraction achieved was 90 and 72 for Cu and Zn respectively. High concentration of base metals such as Cu and Zn present in polymetallic raw materials may have an inhibitory effect on the behavior of microbes. However, the ability of micro-organisms to adapt and improve their activity after a long-term adaptation program has been demonstrated. This is an important challenge for bioleaching technology to better understand, control and accelerate by the process of adaptation.
Data on metal recoveries, obtained in the process of research work in the laboratory conditions on the polymetallic ore samples of the Tenka deposit, calculated the operating costs for the conducted research and estimated capital costs, were used for calculation the economic measures of values NPV and IRR. The obtained values for NPV and IRR are 21.927 million and 12.55%, respectively.
The economic results of research have encouraged the researchers to continue their scientific research in the semi-industrial conditions on a pilot plant. Funding: This research received no external funding.
